NASA TECHNICAL NOTE

LOAN COPY: RETU
AFWL (DOUL
KIRTLAND AFB, |

NASA TN D-6890

EVALUATION OF OXIDATION
RESISTANT NONMETALLIC MATERIALS AT

1204° C (2200° F) IN A MACH 1 BURNER /(\f/’///}\

. ‘ SESEETO
I

WN ‘adv) AYYESIT HO3L

£e f’\ ‘:* ‘.r /( < TY'/Jj\

I 7%
by William A. Sanders and Hubert B. Probst ‘\;ﬁi: G /

\oo4 R e

. NS, L o
Lewis Research Center N, ) Lk
) Y AT

Cleveland, Obio 44135 v

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION -« WASHINGTON, D. C - AUGUST 1972



TECH LIBRARY KAFB, NM

T

1. ﬁeporiﬁ 2. Goveénment Accession Nid.r 3. Recipie
| NASA TN D-6890 ,
4. Title and Subtitle a 5. Report Date

EVALUATION OF OXIDATION RESISTANT NONMETALLIC August 1972
MATERIALS AT 12040 c (22000 F) IN A MACH 1 BURNER 6. Performing Organization Code

7. Authorl(s) ) ) 8 Peﬁorming Organization Report No.

William A. Sanders and Hubert B. Probst E-6918

. - — 10. Work Unit No.

9. Performing Organization Name and Address 134-03

Lewis Research Center . Oontraci or Grant No.

National Aeronautics and Space Administration

Cleveland, Ohio 44135 , o 13, Type of Report and Period Covered
12. Sponsoring Agency Name and Address Technical Note

National Aeronautics and Space Administration 14. Sponsoring Agency Cod

Washington, D. C. 20546

15. Supplementary Notes

16. Abstract
Specimens of 23 oxidation resistant, nonmetallic, refractory materials were systematically ex-
posed in a high gas velocity burner to simulate a turbine engine environment. Isothermal and
cyclic tests were conducted at a specimen temperature of 1204° C (2200° F) which resulted from
exposure to Mach 1 or Mach 0.5 hot gas streams. Specimen behavior was judged on the basis of
failure mode, appearance, and weight change. SiC and Si3N 4 exhibited the most promising be-
havior surviving all exposures including Mach 1 for 120 cycles (10 hr). Major failure modes
identified for other materials were thermal shock, thermal fatigue, and mechanical failure due
to gas loading.

17. Key Words {Suggested by Author(s)) A ;I8. D_ist;ibution Statemeﬁt
Burner rig; Gas turbine; High velocity; Ther- Unclassified -~ unlimited
mal shock; Thermal fatigue; Mechanical failure.
(gas loading); Ceramics; Refractory compounds;
Carbides; Nitrides; Borides; Oxides
19. Security Classif. (of this report) 20. Security Classif. (of this page) 21. No. of Pages | 22." Price”
Unclassified Unclassified 26 $3.00

* For sale by the National Technical Information Service, Springfield, Virginia 22151



==

EVALUATION OF OXIDATION RESISTANT NONMETALLIC MATERIALS
AT 12049 C (2200° F) IN A MACH 1 BURNER
by William A. Sanders and Hubert B. Probst

Lewis Research Center

SUMMARY

Cylindrical specimens of 23 oxidation resistant, nonmetallic, refractory materials
were systematically exposed in a high gas velocity burner simulating a gas turbine
engine environment. Isothermal and cyclic tests were conducted at a specimen tem-
perature of 1204° C (22000 F) which resulted from exposures to Mach 1 or Mach 0.5
hot gas streams. Specimens were examined to determine weight change, appearance,
and failure mode. The materials tested were classified according to failure modes such
as thermal shock, thermal fatigue, and mechanical failure due to gas loading.

A high density form of silicon carbide (SiC) and two high density forms of silicon
nitride (S13N 4) exhibited the most promising behavior, surviving all exposures including
Mach 1 for 120 cycles (10 hr). These samples showed no signs of cracking or surface
degradation, and weight changes were slight.

Two materials not surviving Mach 1 tests because of mechanical failure due to gas
loading did survive 120-cycle exposures at Mach 0.5. These materials were a lower
density form of SiSN 4 and boron nitride (BN) containing 60 weight percent silicon dioxide
(Si02). Neither material showed any signs of cracking or surface damage. The SiO2
phase in the BN was apparently beneficial in preventing thermal shock failures which
occurred in plain BN material.

Some crack arresting features were also observed in aluminum oxide - boron nitride
(A1203 -BN) composites. Although these composites were short lived and failed in
thermal fatigue in 3 to 9 cycles, the BN flake dispersion in the A1203 prevented the
immediate thermal shock failures noted at Mach 1 and Mach 0.5 for plain A1203.

A S1-SiC-C fiber composite was found to be resistant to thermal shock and corro-
sion; however, the material exhibited mechanical fatigue failures due to gas loading.

Mechanical failure due to gas loading was the failure mode for most other materials
at Mach 1, with the failure mode at Mach 0.5 often changing to thermal fatigue or
thermal shock.



INTRODUCTION

The corrosive attack on turbine vanes and blades by combustion products is a major
materials problem in the development of advanced aircraft turbine engines. Although
current superalloys are strong enough to permit the use of considerably higher turbine
inlet temperatures for better performance, operation at such temperatures is not pos-
sible because of the corrosion limitations. The nickel- and cobalt-base superalloys now
in use (ref. 1) cannot be used uncoated at metal temperatures above approximately
1000° C (18320 F) because of corrosion and erosion in the severe turbine engine environ-
ment (ref. 2). If vanes and blades of superalloys are cooled, higher turbine inlet tem-
peratures can be used, and with coated vanes and blades metal temperatures near
1100° C (2012° F) are permissible (ref. 2). Convective cooling by internal passages,
film cooling by air flowing out leading edge cavities, and transpiration cooling by air
passing out over the whole vane or blade surface are the techniques employed (ref. 3).
But these cooling methods usually involve complicated and expensive casting and machin-
ing techniques to achieve the complex cooling configurations required. Although coatings
protect superalloy vanes from oxidation at metal temperatures near 1100° C (20120 F),
they degrade rapidly and a vane may require 8 to 12 recoatings during its lifetime
(ref. 2).

An alternate approach to the attainment of higher turbine inlet temperatures is to
employ nonmetallic materials for turbine vane and blade application. Not only certain
refractory oxides, but some refractory borides, carbides, and nitrides are of interest
for this application because of their demonstrated high resistance to oxidation to at least
1400° C (2552° F) (ref. 4). In addition, these materials have densities less than one-
half the densities of the superalloys, and thus the use of these materials could result in
significant weight savings. Also, the high hardness of these materials would be bene-
ficial from the standpoint of resistance to erosion due to carbon particles in the com-
bustion gas or ingested particulate matter. Such refractory materials, although brittle,
have attracted interest in the past and have been evaluated in the forms then available
for possible turbine engine use (e.g., refs. 5 (1957) and 6 (1958)). It was the conclu-
sion of these studies that certain nonmetallic refractory materials had adequate strength
and oxidation resistance but that resistance to thermal shock, thermal fatigue, and
mechanical shock was inadequate. In an excellent historical review in 1964, Glenny
(ref. 7) discussed the application of refractory nonmetallic materials to gas turbine
components. Glenny concluded that the key to using such materials was to provide some
measure of toughness in the materials and to design the vane or blade component to suit
the material. More recently, Godfrey and coauthors (refs. 8 to 10) have reviewed the
properties of and compared candidate refractory nonmetallic materials for turbine
engine application and have discussed design concepts for the usage of these materials.
Also, recently, McLean (ref. 11) has well reviewed the potential and problems of using
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ceramics in small gas turbine engines.

The purpose of this investigation was to systematically screen, in a Mach 1 burner
simulating an engine environment, several recently introduced, commercial, refrac-
tory, nonmetallic materials that were believed to have some potential for gas turbine
applications. Materials in the categories carbide, nitride, silicon - silicon carbide -
carbon fiber composite, boride, boride composite, oxide, mixed oxide, and oxide com-
posite were evaluated. These materials were selected on the basis of reported good
oxidation resistance, high strength, high thermal conductivity, low thermal expansion
coefficient, or reasonably low modulus of elasticity. The latter four properties are
frequently used to judge the thermal stress resistance of brittle materials (ref. 12).
This screening study was made to find the most promising material(s) and to identify
failure modes. The study was conducted so that three separate failure modes could be
identified; they are thermal shock, thermal fatigue, and mechanical failure due to gas
loading. The study results could then be a basis for attempts to improve a few promis-
ing materials and for more detailed evaluations of such materials,

The Mach 1 burner used for this screening evaluation was operated at hot gas veloc-
ities of both Mach 1 and Mach 0.5 with Jet A, a kerosene-type fuel simular to JP 5 fuel.
Materials were tested as right cylinders, 1.3 centimeters (0.5 in.) in diameter by 10.2
centimeters (4 in.) in length. Each material was subjected to a temperature of 1204° C
(22000 F) during both isothermal and cyclic exposures in the hot gas stream. Maximum
exposures consisted of 120 five-minute cycles, that is, a 10-hour exposure to the hot
gas stream. A cycle consisted of 5 minutes at 1_2040 C (22000 F) in the hot gas stream
followed by a 3-minute still air cool. The materials were evaluated on the basis of
failure mode, appearance, and weight change.

MATERIALS

Table I lists and categorizes the 23 materials evaluated. Also given in tableI are
the material vendors and some properties. Test specimens were right cylinders,
1.3 centimeters (0.50 in.) in diameter and 10.2 centimeters (4.0 in. ) in length.
Specimens were tested in the as-received condition - either as-fired or ground.
The specimen surface condition was not a test variable.



TABLE I. - VENDOR PROPERTIES FOR NONMETALLIC MATERIALS EVALUATED IN SIMULATED GAS TURBINE ENVIRONMENT

Material Vendor Density, | Porosity, Room temperature
g/cm3 vol %
Coefficient of Thermal Bend Modulus of
thermal expansion conductivity strength elasticity
em/em/°C | in. /in. /°F | cal/sec-em-°C | Btu/hr-ft-F MN/m2 psi MN/m2 psi
Carbides:
SiC (KT, 9 wt % free Si) Carborundum 3.10 0 3.38x1078 | 1.88x107C 0.41 99 165 | 24x10%| 386x108| 56108
SiC (Refrax, SigN, bond) | Carborundum 2.65 15 3.24 1.80 | eeeea- ————- 38 5.5 | 117 4
§iC tube (CVD) Energy Research| 3.21 30 s R S ELE L ———- ST00 2102 | ccveceo| memenn
Corporation ;
8i-8iC-C (fiber composite) Fansteel 2.71  mmmem mmmmemccca ] cremccmene e ---- B R al I CE TR I LS
Nitrides:
S1N, . Doulton 2.55 | 20 P2.52x107 Praox10® ] oot P46 Ca75  C40x10%C180x10%| C26x10°
SigN, . Plessey 3.19 1 2.88 1.60 : .043 10.4 551 80 242 35
SisN Lucas 3.2 | 1 2.7 | 1.50 i . 022 5.3 826 120 - 310 45
BN (60 wt % SiOz) Carborundum 2.12 : a5 1.8 1.0 ! .042 10.1 102 14.8 100 14.5
BN . Carborundum 190 316 (d () .120 29 48 6.9 61 8.8
Borides: . r
SiBg (3 wt % free Si) | Cerac 21| Pue 6.3x10°%  3.5x107® P o23 b5 5 90 13x103P242x10® P3sx108
SiBg (15 to 20 wt % free Si) Cerac 2.1 S T S jrmmmemen o mees ———- mmme ememeee e
Boride composite: . ' ‘
ZrB, (14 wt % SiC-30 wt % C) Manlabs 4.48 29 . g.asx10®  3.60x1076 0.18 43 282 41 207 3px10°
Oxides: l‘ ' I i
5102 (fused, Silfrax) ; Carborundum 1. 10 { 0.54x10 6 0.30><10'6 * 0.021 5.1 12 1 '7><103 --------------
5i0, (fused, 0.C.F.) : Owens~-Corning a1.5 | TTTTT o mmmemmeees b omeiees e -—-- mmms emmeeen aecmasee meamaea
. Fiberglas i . 3
AL,0, (AD999) ~ Coors 3.96 i 25 | g.84 ! 3.80 074 1 178 124 105 386x10°  56x108
Zr0, (1706) | Zircaa 5.43 1 3g ibs.s b3 5 i b 005 by g 207 30 103 15
Mixed oxides: [ !
Alumino silicate (low fired) Aremcolox 2.3 0.3 2.'I><10'6 1.5x107® | oo ——— ———— mmmmmme mmemeee amcen
Alumino silicate (high fired) ' Aremcolox 2.0 4 (d) (@) IS ———— 69 10x10% mmmmome cceen
Pyroceram 9606 | Corning Glass 2.6 . 2 5.76 ! 3.20 | 0.008 1.9 bogs  bgg  120x10°  17.4x108
Pyroceram 9608 Corning Glass 2.5 ) 1.98 1.10 I‘ .005 1.2 134 19.4 86 12.5
Oxide composites: | | i '
Al,0, (15 vol BN fiber) . Philco-Ford 3.55 2y 6.3x1078 | 3.5x107® | L. S 128 18.6x10% 403x10° 58.5x10% .
Al5Oq (15 vol % BN flake) Philco-Ford 3.55 a4 6.66 3.70 | —eeee- - 94 13.6 238 34.5
MgA1204 (15 vol % BN flake) | Philco-Ford 2.80 A L 7.2 4.1 | e -——-- { 23 3.3 , 104 15
ACalculated.
bRet. 4.
CRef. 17.

INegligible.




APPARATUS AND PROCEDURE

A schematic of the burner rig described in detail in reference 13 is shown in fig-
ure 1. The apparatus was operated with Jet A fuel at combustion gas velocities of '
Mach 0.5 or Mach 1 at the conditions given in table II. The cylindrical specimens were
tested singly, and each specimen was held in a holder which rotated the specimen about
jts own axis at 200 rpm. The purpose of this rotation was to ensure uniform heating.
The holder accepted the specimen and a two-piece stainless-steel specimen collar se-
cured with a bolt and locknut. A schematic of the specimen in the holder in exposure
position with respect to the burner rig nozzle is shown in figure 2.

For temperature calibration, a slip-ring assembly mounted in the lower end of the
specimen holder shaft was used to provide an electrical circuit to a thermocouple
mounted on a nickel base superalloy rod which was used for this calibration purpose
only. During tests, the temperature of the rotating specimen was monitored with an
optical pyrometer. The same burner running conditions established for the calibration
temperature of 1204° C (2200o F) were used for all material tests. All materials were
observed to reach and maintain the 1204° C (2200o F) test temperature within 20 to 25
seconds of exposure at Mach 1 and within 30 to 35 seconds of exposure at Mach 0.5. The
radiation shields close to the specimen were very effective in promoting rapid heating.
These shields provided a radiating cavity such that for the same burner rig operating
conditions, the temperature measured by optical pyrometer did not vary from material
to material. Thus, no corrections for emissivities were made. The burner gas tem-
perature was controlled by a thermocouple downstream of the specimen position (see
fig. 1). At test temperature, all specimens exhibited uniform hot zones for a distance
of approximately 1.3 centimeters (0.5 in.) on both sides of the centerline of the nozzle.
Within this zone surface temperature was maintained within +8° C (:I:150 F). Under
normal operating conditions the temperature of the specimen just above the point where
the specimen entered the collar was in the 816° to 927° C (1500° to 1700° F) range.

Materials were tested in a stepwise fashion according to the schedule given infig-
ure 3. The first step in testing any material at 1204° C (2200° F) consisted of exposing
the specimen to the Mach 1 hot gas stream for 60 minutes without cycling - a still air
cool ended this step. If the material survived this step, a fresh specimen was given
12 cycles for a total exposure time of 1 hour. A cycle consisted of 5 minutes at 1204° C
(22000 F) in the hot gas stream followed by a 3-minute still air cool to black heat. If
the material survived this step, a fresh specimen was then given a maximum of 120 cy-
cles for a total exposure of 10 hours. If a material failed in any step at Mach 1, that
step was repeated but at a hot gas stream velocity of Mach 0.5 which provided a some-
what less severe heating rate and significantly lower gas loading conditions. In some
cases, due to a limited number of samples, this procedure could not be followed com-
pletely. Maximum exposure was limited to 10 hours because it was felt that all the ma-
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Figure 1. - Burner rig for simulated gas turbine environment,

TABLE II. - BURNER CONDITIONS FOR EVALUATION OF NONMETALLIC MATERIALS

[Specimen test cycle: 5 min at 1204° C (2200° F); 3 min still air cool. ]

Burner gas temperature, OC (OF). . . o o e 1538 (2800)
Specimen rotational speed, rpm . . . . . . . . L L L L Lo e e e e e e e e e 200
Burner nozzle diameter, em (in.) . . . . . . .. L L oL L e e e 5.1(2.0)
Airtofuel ratio . . . . . . . . L L e e e e e e e e e e e e, 20:1
Burner air flow, kg/sec (lbm/sec):

AtMach 0.5. . . . . . . . o e e e e e e e e e e e e e e 0.2t00.1(0.4t00.3)

At Mach 1. . . . . o e e e e e e e e e 0.4t060.5(0.9t0 1.0)
Burner pressure, MN/m2 (psia):

At Mach 0.5. . . . . . L L e e e e e e e e e e e e e e e e e 0.12 (18)

AtMach 1. . . . . . o e e e e e e e e e e e e e e e 0.23 (33)
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Center of
hot zonge ————» Burner nozzle

Two piece collar —
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Holder

Figure 2. - Schematic of specimen-holder-nozzle arrangement for exposing
test specimen to simulated gas turbine environment,

Test step
One Two Three
Total exposure time at
1204° C (2200° F), hr 1 1 10
Target cycles Not cycled 12 120
Mach 1 hot gas velocity \\Pass *_w\_Pass Pass
Fail Fail Fail
£ 13 )
Mach 0. 5 hot gas \sss * Vass * =\ Pass
velocity Fail Fail Fail
] 1 ]
No further testing

* Fresh sample

Figure 3. - Test schedule for nonmetallic materials in simulated gas turbine
environment. Test cycle: 5 minutes at 1204° C (2200° F); 3 minutes still
air cool.



terials had sufficient oxidation resistance so that long time exposure was of secondary
importance compared to the accumulation of a relatively large number of thermal cy-
cles. Duplicate tests were not generally run.

Specimens were weighed before and after testing, and they were examined at X30
with a binocular microscope for surface degradation and cracks. Selected specimens
were photographed. Some specimens were mounted in epoxy resin, sectioned longi-
tudinally in the hot zone crack area, and polished for metallographic analyses. Some
of the better materials were also examined metallographically in the as-received con-
dition to determine the general microstructure. No etchants were used.

RESULTS AND DISCUSSION

The behavior of the test materials in the burner rig will be discussed in the order
of the material categories given in table I. The results consist of visual observations
made during specimen heatup and cooldown, post-test observations of cracking and sur-
face deterioration, and changes in weight (rubbing and chipping in the holder sometimes
prevented determining weight change). Results in the form of microstructures of speci-
mens containing cracks and representative microstructures of the better materials are
also presented.

Three major specimen failure modes were noted during the course of testing:

1. Mechanical failure due to gas loading. - In this failure mode the specimen broke
at the point where it entered the holder immediately on insertion into the hot gas stream.
Such fractures are the result of aerodynamic gas loading. Maximum outer fiber tensile
stresses for the rod specimens were calculated to be approximately 19 meganewtons
per square meter (2700 psi) at Mach 1 and approximately 3 meganewtons per square
meter (400 psi) at Mach 0.5 (ref. 14).

2. Thermal shock. - The specimen broke in the hot zone (area of hot gas impinge-
ment) immediately on insertion into the hot gas stream.

3. Thermal fatigue. - The specimen broke in the hot zone during cyclic exposure
after having survived at least one cycle - a cycle consisting of a 5-minute exposure at
1204° C (2200° F) in the hot gas stream, followed by a 3-minute still air cool.

Less prevalent failure modes such as mechanical fatigue due to gas loading ( a fail-
ure at the holder entrance point and dependent on cycling), heavy oxidation, and soften-
ing were also noted. No samples failed during the 3-minute still air cooling portion of
the test cycle, and therefore, thermal shock failure on cooling is not included as a fail-
ure mode. A summary of failure mode test results is given in table III.

No attempt was made in this study to correlate test results with the thermal stress
parameters for the instantaneous surface temperature change and for steady-state heat
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flow. These parameters relate the ability of a material to withstand thermal stresses
to such properties as strength, thermal conductivity, elastic modulus, and coefficient

of expansion (ref. 12). For the proper use of such parameters, the material properties
must be known at the temperature at which thermal stress failure occurs. Because of
the lack of such complete property data for this wide variety of materials, comparisons
of such parameters were not made. However, available room temperature properties
are listed in table I to provide an approximate comparison of materials and illustrate the
range of properties.

Carbides

All of the materials in this category contain SiC. One of the materials is a com~
posite consisting of silicon, SiC, and carbon fibers. The other three materials (KT
SiC, Refrax SiC, and SiC tube CVD) contain SiC as a major phase with minor phases
dependent on the manufacturing process.

The KT and Refrax SiC bodies withstood Mach 1 exposures for 120 (10 hr) and
115 cycles (9.6 hr), respectively. After 120 cycles, the arbitrary testing limit, the
KT SiC specimen was not cracked nor had it sustained any surface degradation. This
specimen is shown in figure 4. Chipping of this KT SiC specimen inside the holder, due
to the sample becoming loose during the test, precluded a weight change measurement.
However, another KT SiC sample gained only 2.8 milligrams after 12 cycles (1 hr) at
Mach 1. On an area basis, this slight weight gain amounts to approximately 0.14 milli-
gram per square centimeter, assuming an affected cylindrical sample surface area of
20 square centimeters. In comparison, a thoriated nickel - 20 percent chromium alloy
blade-type specimen similarly exposed in the burner rig for 1 hour at 1204° C (22000 F)
without cycling suffered a 1.5 milligram per square centimeter weight loss (ref. 15).
The weight loss of the nickel-chromium alloy is associated with the vaporization of the
chromium oxide (Cr203) scale which forms on such alloys. By contrast, the small
weight gain observed for KT SiC suggests that its scale, which is reported to be SiO2
(ref. 16), is stable and protective. The Refrax SiC specimen failed where it entered the
holder during the 116th cycle because of mechanical fatigue due to gas loading. Repre-
sentative microstructures of the KT SiC and Refrax SiC materials are presented in fig-
ure 5. The failure of the Refrax SiC may be related to its porosity which is evident in
figure 5.

The SiC tube CVD (chemical vapor deposition) specimens had a 0.13-centimeter
(0.050-in.) wall thickness and were closed at the free end. These tube specimens were
received from the vendor fitted at the holder end with stainless-steel sleeves which in-
cluded a crushable metal inner sleeve to absorb compressive loads due to differences

10




\
L fracture )

in holder Hin ho]der‘
KT SiC Doulton Plessey Lucas BN (W/60 wt % Si0,)
Mach 1 Siz Ny Siz Ng Siz Ny Mach 0.5

Mach 0.5 Mach 1 Mach 1

Figure 4. - Materials surviving 120 cycles (10 hr) in simufated gas turbine environment. Test cycle: 5 minutes at 1204° C (2200° P); 3 minutes
still air cool.

in thermal expansion. In spite of these fittings, only limited exposures were possible
because of the specimens loosening in the holder and coming out of the holder during ex-
posures. However, SiC tube CVD specimens did survive 22- and 60-minute isothermal
exposures at Mach 1 and Mach 0.5, respectively, and survived 12 cycles at Mach 0. 5.
These specimens did not show any signs of cracking or surface degradation. Exposure
attempts with four other specimens failed because the specimens loosened in the holder
and were lost. Without the holding problem the SiC tube CVD material might well have
performed as well as the KT SiC.

Silicon-SiC-carbon composite specimens survived Mach 1 exposures for 1 hour iso-
thermal and for 60 cycles (5 hr). The specimens had no cracks in the hot zone and the
60-cycle specimen showed only slight pitting. However, the 60-cycle specimen was
found to have cracked inside the holder. In two subsequent tests at Mach 1, specimens

11
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1) Refrax. White grains, SiC; porous gray intergranular material, - silicon nitride
(5i3 Ny} bond: unetched; X250.

Figure 5. - Microstructures of KT and Refrax types of silicon carbide (SiC),




failed in the eighth cycle at the holder entrance point because of mechanical fatigue due
to gas loading. Thus, this material can resist thermal shock and corrosion but is de-
ficient in fatigue strength.

Nitrides

The two very high density forms of S13 4 supplied by Lucas and Plessey withstood
all Mach 1 exposures through 120 cycles (10 hr). No cracks or surface deterioration
were noted. These specimens are shown in figure 4. The fracture of the Plessey Si3N 4
specimen inside the holder precluded a weight change measurement. After 120 cycles
(10 hr) the Lucas S13N4 had gained only 5.2 milligrams (0.26 mg/cm . For 12 cycles
(1 hr) the Lucas Si N 4 Weight gain was 2.5 milligrams (0.13 mg/cm ) -~ very similar to
that for KT SiC. Th1s result is not surprising since both SiC and 813 4 oxidize to form
thin protective films of $iO, (ref. 16). The good oxidation resistance of the silicon ni-
tride is reflected by the fact that the 120-cycle (10-hr) weight gain was only slightly
more than twice the 12-cycle (1-hr) weight gain. This suggests the formation of a pro-
tective silica film which thickens with time leading to lower oxidation rates. The simi-
lar microstructures of the high density, fine grained, Lucas 813 4 and Plessey SiSN 4
are shown in figure 6.

The Doulton Si N 4 With 20-percent porosity could withstand only the 1-hour iso-
thermal exposure at Mach 1. When cycling was attempted, the specimen broke at the
holder in the second cycle due to mechanical fatigue. At Mach 0.5, however, the
Doulton S13N 4 survived the 120-cycle exposure (10 hr) with no cracking or surface
damage. But the sample had cracked inside the holder as shown in figure 4. This
fracture, halfway down in the holder, is felt to be the result of overtightening on instal-
lation and not the result of exposure. The microstructure of the Doulton Si3N 4 is shown
in figure 6. Compared to the Lucas high density 813 4 the Doulton Si N (20 percent
porosity) gained 14 times as much weight for the 120-cycle (10-hr) exposure This dif-
ference is undoubtedly due to the greater surface area of the Doulton Si3N 4 with a
porosity of 20 percent in comparison to the lesser surface area of the almost 100-
percent-dense Lucas Si3N 4 The weight gain for the porous Si3N 4 although greater than
the weight gain for dense Si3N & is not considered to be excessive. The ability of the
Doulton S13N 4 to survive the Mach 0.5 cycling but not the Mach 1 eycling reflected the
difference in the gas loading for the two hot gas velocities. As previously noted, the
outer fiber tensile stresses for the rod specimens at the point where the specimen
enters the holder were calculated to be approximately 19 meganewtons per square meter
(2700 psi) at Mach 1 and approximately 3 meganewtons per square meter (400 psi) at
Mach 0.5.
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Figure 6, - Microstructures of Lucas, Plessey, and Doulton types
of silicon nitride (Si3N4). All unetched; X250,




In the case of the BN materials, neither plain BN nor the BN - 60 weight percent
SiO2 specimens could survive Mach 1 exposures - the BN failing by thermal shock and
the BN - 60 weight percent SiO2 failing mechanically due to gas loading. However, at
Mach 0.5, the SiO2 phase in the BN - 60 weight percent SiO2 was beneficial in increas-
ing thermal shock resistance. At Mach 0.5, the BN - 60 weight percent SiO2 survived
the 120-cycle exposure (10 hr) with no cracking or apparent surface degradation, while
the plain BN again failed by thermal shock. The specimen surviving the 120-cycle
exposure is shown in figure 4. However, this BN - 60 weight percent SiO2 specimen
did suffer a rather high weight loss of 13. 4 milligrams per square centimeter which
contrasts with Lucas Si3N 4 which gained only a slight amount of weight, 0.26 milligram
per square centimeter, as a result of 120-cycle Mach 1 exposure. The weight loss for
the BN - 60 weight percent SiO2 material suggests that the oxidation products are vola-
tile or are lost by spalling. The microstructure of the BN - 60 weight percent S'1O2
material is shown in figure 7.

Figure 7. - Microstructure of boron nitride (BN} - 60 weight percent silicon dioxide (Si0,) material.
Light gray matrix, BN; dark phase, Si0y; fine light phase, unidentified. Unetched; X250,
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Borides and Boride Composite

Both the silicon boride (SiBG) materials behaved the same at Mach 1 and at Mach 0. 5.
For both materials thermal shock failures and mechanical failures due to gas loading
were noted on initial exposure and no cycling tests were attempted.

The boride composite, zirconium diboride (ZrBz) - 14 weight percent SiC - 30 weight
percent C, could withstand the Mach 1 exposure from the thermal shock standpoint, but
it was found to oxidize and spall to such extent that Mach 1 exposure was discontinued
after 36 cycles (3 hr). At this point, the ZrB, - 14 weight percent SiC - 30 weight per-
cent C specimen had lost 86.2 milligrams per square centimeter and was obviously de-
graded as shown in figure 8.

Figure 8, - Great material loss for zirconium diboride
(ZrBy) - 14 weight percent silicon carbide (SiC) - 30°

weight percent carbon (C) composite specimen by oxida-
tion and spalling resulting from 36-cycle (3 hr) expo-
sure in Mach 1 simulated gas turbine environment,
Test cycle: 5 minutes at 1204° C (2200° F); 3 minutes
still air cool,
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Oxides

The two fused silica materials Silfrax and O.C.F. (Owens Corning Fiberglas) were
too weak to sustain the Mach 1 loading and exhibited mechanical failures due to gas load-
ing. At Mach 0.5, the O.C. F. material broke in the hot zone within 3 minutes. This
hot zone failure is believed to be due to a low density low strength region in the center of
the O.C. F. specimens as reported by the supplier. The Silfrax material, however, sur-
vived Mach 0.5 exposures of 1 hour isothermal and of 12 cycles without cracking or dam-
age and failed because of thermal fatigue only after 37 cycles.

At Mach 1 both the A1203 and the zirconium dioxide ( Zr02) materials failed by ther-
mal shock immediately on first exposure. At Mach 0.5, A1203 again failed by thermal
shock while ZrOz failed by thermal fatigue in only the second cycle.

Mixed Oxides

The low-fired and high-fired alumino-silicates both failed at the first step at Mach 1
and Mach 0.5. Failure mode was thermal shock for the low fired alumino-silicate for
both Mach numbers. The high fired alumino-silicate showed mechanical failure due to
gas loading at Mach 1, but at Mach 0.5 failure was by thermal shock.

Pyroceram 9606, a magnesia-alumina-silicate, behaved somewhat better than the
plain alumino-silicate materials just covered. Pyroceram 9606 survived the 1-hour
isothermal exposure at Mach 1 without damage but failed in thermal fatigue at Mach 1
in the second cycle. At Mach 0.5, Pyroceram 9606 failed in thermal fatigue in the 11th
cycle. The other Pyroceram, type 9608, exhibited mechanical failure due to gas load-
ing at Mach 1, and it softened and distorted fo such a degree in Mach 0.5 exposure that
testing was stopped after a 4-minute exposure. The reported softening point for
Pyroceram 9608 is given as 1249° C (2280° F) (ref. 4).

Oxide Composites

The BN additions to A1203 resulted in improved performance for the A1203-BN
composites in comparison to the plain A1203 material which failed by thermal shock at
both Mach 1 and Mach 0.5. At Mach 1, the A1203 - 15 volume percent BN flake ma-
terial survived the 1-hour isothermal exposure without cracking, while the A1203 -

15 volume percent BN fiber material experienced a delayed thermal shock failure.
Failure was delayed in the sense that the specimen broke in the hot zone after a

15-second exposure, while, with one exception to be mentioned, all other material
thermal shock failures occurred immediately on insertion into the hot gas stream.

In cycling tests at Mach 1, the A1203 - 15 volume percent BN flake composite
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failed by thermal fatigue in the third cycle. And in Mach 0.5 cyclic testing, the A1203 -
15 volume percent BN flake composite failed in the 9th cycle due to thermal fatigue.
However, in another cyclic exposure at Mach 0.5, an A1203 ~ 15 volume percent BN
flake composite, although cracked, survived a 12-cycle exposure. And, also at Mach
0.5, A1203 - 15 volume percent BN fiber composites survived the 1-hour isothermal
exposure in one test but exhibited a 1-minute delayed thermal shock failure in another
test. Both of these specimens which survived were cracked transversely as a result of
exposure but remained whole as shown in figure 9. In figure 9, the longitudinal crack-
like openings in the A1203 - 15 volume percent BN fiber specimen and the angular pits
in the A1203 - 15 volume percent BN flake specimen resulted from the loss of BN phase
from the surface due to oxidation. The fact that the specimens were able to sustain
cracks without complete failure is thought to reflect a crack arresting property of the
BN phase, particularly the BN flake. Some metallographic evidence of crack arresting
is shown in figures 10 and 11 along with representative microstructures for the A1203 -

T L'ongitudi.nal crack-
.;" like openings B

Transverse crack.

b >
¥

{a) Aly03 - 15 volume percent BN fiber; isothermal; 1 hour, {b) Al;03 - 15 volume percent BN flake; cyclic (12 cycles = 1 hr).

Figure 9, - Surfaces of aluminum oxide (Al;03) - 15 volume percent boron nitride (BN) fiber and Al,03 - 15 volume percent BN flake
specimens sustaining cracks after exposure at 1204° C (2200° F) in Mach 0.5 simulated gas turbine environment. Test cycle:
5 minutes ‘at 1204° C (2200° F); 3 minutes still air cool. X6.
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{(b) Angular particles are BN flake (some pullout), Note cracks stopping at BN flakes., X12,

Figure 10, - Microstructure of aluminum oxide (A1203) - 15 volume percent boron nitride (BN)
flake material. Unetched,
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(@) Voids due to grain pullout. X250.

Note crack stopping at void near right edge. X12.

fiber locations.

{b) Vertical voids refiect BN

15 volume percent boron nitride {BN)

Unetched.

Figure 11. - Microstructure of aluminum oxide (A|203) -
fiber material,
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15 volume percent BN flake and A1203 - 15 volume percent BN fiber composites. In fig-
ure 10, some cracks in the matrix of the A1203 - 15 volume percent BN flake composite
can be seen terminating at BN flake locations. And, in figure 11, it appears that the
transverse crack has been stopped at the vertical void where BN fiber was located. The
absence of the BN phase in the figure 10 and 11 microstructures is due to the loss of the
softer BN during metallographic polishing.

It should be recalled that some crack arresting ability was also indicated by the
previously noted 15-second delayed thermal shock failure at Mach 1 for the A1203 -

15 volume percent BN fiber composite and a 1-minute delayed thermal shock failure at
Mach 0.5 for this same material.

The magnesium aluminum spinel (MgA120 4) - 15 volume percent BN flake composite,
which had a porosity of 17 percent, was too weak to survive the Mach 1 gas loading and
broke at the holder. At Mach 0.5 this composite showed a delayed thermal shock failure.
Although a plain MgAle 4 material was not tested, it can be inferred from the results on
the alumina-base materials that the BN flake in MgAIZO 4 also acted briefly as a crack
arrestor.

SUMMARY OF RESULTS

In this investigation, cylindrical specimens of 23 oxidation resistant, nonmetallic,
refractory materials were systematically exposed in a high gas velocity burner simu-
lating a gas turbine engine environment. Isothermal and cyclic tests were conducted at
a specimen temperature of 1204° C (2200° F) which resulted from exposure to Mach 1
or Mach 0.5 velocity hot gas streams. Specimens were exposed first to the Mach 1 en-
vironment; if they failed here, specimens were then exposed to the Mach 0.5 environ-
ment. Test specimen behavior was judged on the basis of failure mode, appearance, and
weight change. The results for the materials are summarized in four categories; most
promising, good, possible potential, and other.

Most Promising

One type of SiC(KT) and two types of Si3N 4 (Lucas and Plessey) survived the Mach 1,
1204° C (2200° F), 1-hour isothermal, 12-cycle, and 120-cycle tests without any signs
of cracking, surface degradation, or great weight change. Refrax SiC failed at the base
during the 116th cycle at Mach 1. The Refrax material was not damaged in the 1-hour
isothermal or 12-cycle exposures. The failure in the 116th cycle is believed to have
been due to mechanical fatigue.
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Good

Although not surviving Mach 1 testing, a lower density form of Si3N 4 (Doulton) and
BN containing 60 weight percent 8102 did survive the Mach 0.5, 1204° C (2200° F),
1-hour isothermal, 12-cycle, and 120-cycle tests without any signs of cracking or sur-
face degradation. The weight gain experienced by the porous Doulton Si3N 4 although
greater than the weight gain for the high density Lucas Si3N 4 is not considered exces-
sive. At Mach 1, the Doulton Si3N 4 survived the 1-hour isothermal exposure, but failed
at the base in the second cycle by mechanical fatigue due to gas loading.

For BN, the 8102 phase was apparently beneficial in preventing thermal shock at
Mach 0.5, since a plain BN material failed in thermal shock at Mach 0.5 (as well as at
Mach 1). At Mach 1, the BN material containing 60 weight percent 8102 exhibited me-
chanical failure due to gas loading on first exposure to the hot gas stream.

Possible Potential

Although short lived, the alumina composite materials showed some interesting be-
havior in that their performance was better than that of plain alumina which failed imme-
diately by thermal shock on insertion into Mach 1 or Mach 0.5 hot gas streams. The
alumina with BN flake material survived the 1-hour isothermal Mach 1 test, but it failed
by thermal fatigue in the third cycle at Mach 1. At Mach 0.5 this material survived
12 cycles in one test, and in a second test another sample failed by thermal fatigue dur-
ing the 9th cycle. We feel this improvement in behavior over the plain alumina material
is due to the crack arresting properties of the BN flake second phase. Although not as
beneficial, the BN fiber additions slightly delayed thermal shock failures and permitted
a 1-hour isothermal exposure at Mach 0.5.

A slightly delayed thermal shock failure was also observed for the MgAIZO 4 ma-
terial which contained BN flake. This result suggests some crack arresting action in
light of what was observed for the alumina base materials.

The silicon - silicon carbide - carbon fiber composite passed the 1-hour Mach 1
isothermal exposure but failed in two tests after seven and eight cycles at Mach 1 in
mechanical fatigue due to gas loading. In another test at Mach 1, the sample failed me-
chanically in the holder but remained in the holder and received 60 thermal cycles.
Examination of the hot zone surface of this sample showed only slight pitting but no
cracking or great loss of material. Thus, this material appears to resist thermal shock
and corrosion but needs greater mechanical strength.
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Other

Most of the remaining materials exhibited mechanical failure due to gas loading at
Mach 1: both varieties of SiBG, both varieties of SiOz, the high fired alumino silicate,
and Pyroceram 9608. In some cases, testing these poor performance materials at
Mach 0.5 resulted in a change in the failure mode from mechanical failure due to gas
loading to thermal shock or thermal fatigue. For example, although SiO2 -Silfrax failed
mechanically due to gas loading at Mach 1, the material survived a 1-hour exposure at
Mach 0.5 and failed in thermal fatigue in the 37th cycle.

Although the ZrBZ-SiC -C composite was able to withstand the Mach 1 gas loading
and cycling, the material suffered from great oxidation weight loss after only 36 cycles.

The SiC tube (CVD) specimens might well have displayed the endurance of the
KT SiC but difficulties in holding the specimens resulted in lost specimens and very lim-
ited exposures.

CONCLUDING REMARKS

As a result of this sereening study some nonmetallic materials with great promise
for gas turbine application were identified. Also, the failure modes of the other ma-
terials were identified. Thus, the major problem area associated with each material
was identified, and this knowledge can serve as a guide for any future efforts to improve
a specific material.

Silicon carbide and silicon nitride materials were found to be outstanding in their
resistance to 1204° C (2200° F) cyclic exposures to a Mach 1 hot gas stream. These
materials certainly warrant efforts to improve their already good properties; for exam-
ple, surface treatment to remove flaws and/or to impart beneficial residual stresses
might be profitable areas of endeavor. Evaluation of these materials in more realistic
turbine blade or vane shapes is also warranted. These materials are also the most
likely candidates to which to apply toughness improvement techniques such as refined
root designs and the incorporation of second phases to prevent catastrophic failure.

A boron nitride material containing 60 weight percent SiOZ, although weak and not
able to survive the stress generated by the Mach 1 gas loading, could be cycled at Mach
0.5 for 120 cycles without becoming cracked or otherwise damaged. This behavior mighi
warrant attempts to improve the strength of this material, possibly by density improve-
ments or some oxidation resistant second phase additions.

Although the alumina composite materials were short lived, their behavior was su-
perior to that of plain alumina. This difference is thought to be due to the presence of
the BN flake or fiber second phase. The BN second phase is believed to arrest cracks
that form quickly in the alumina matrix on first exposure to the hot gas stream. This
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demonstrated crack arresting property of these composites suggests that the concept of
improving fracture toughness of brittle materials by brittle second phase additions is
worth pursuing, that is, by optimizing second phase additions.

Lewis Research Center,

10.
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